Abstract-The performance of the CMS electromagnetic calorimeter (ECAL) has been continuously monitored during LHC running. The evolution of this performance is a critical issue for the future, in particular for High-Luminosity LHC (HL LHC) operation which is planned for 2022 and beyond. Work has started to assess the need for possible changes to the detector in order to maintain adequate performance in the high radiation environment of HL-LHC. In this paper, results from CMS running, beam tests and laboratory measurements on proton irradiated crystals are combined to predict the performance of the current detector during the HL-LHC phase. Several options for the replacement of the CMS endcap calorimeters for HL-LHC running are presented.
I . I NTRODUCTION
I N order to exploit the full potential of the LHC at CERN a major upgrade will be carried out around 2022 to increase the instantaneous luminosity of the collider. During this High Luminosity LHC phase, all the detectors will have to face a challenging radiation environment and the understanding of the performance of the current detectors under these condi tions is of fundamental importance. The radiation levels are expected to be a factor 5 larger than during the standard LHC running, and the integrated luminosities -thus integrated radiation levels -will become a factor 6 greater than the design values. The CMS electromagnetic calorimeter (ECAL) was designed to operate in a peak luminosity of 10 34 cm-2 s-1 and up to a total integrated luminosity of 500 fb -1 [1] . To understand whether the calorimeter will be able to maintain good performance during HL-LHC, several studies on Lead Tungstate (PbW04) crystals have been performed, establishing that high-energy protons and pions cause a cumulative loss of light transmission in PbW04 [2] - [5] . This loss will become the major source of resolution degradation, thus limiting the calorimeter performance at HL-LHC. Test beam studies were used to measure the performance of 5x5 matrices of PbW04 crystals following exposures to hadron f1uences similar to those predicted at the end of HL-LHC. These experimental data have been used to construct a simulation model in order to predict the detector performance in situ. Such predictions have shown the need for a replacement of the ECAL endcaps. Two scenarios are currently being considered for the upgrade: the 978-1-4799-0534-8/13/$31.00 ©2013 IEEE first is to replace separately the electromagnetic and hadronic calorimeters with new radiation-tolerant devices; the second involves the development of an integrated electormagnetic and hadronic calorimeter. For both scenarios a number of options are being investigated and several R&D studies are ongoing to select radiation hard materials and to study the improvements in the performance of the upgraded detectors under HL-LHC conditions. This paper addresses the status of these studies, in order to carry out an optimum upgrade of the CMS ECAL endcaps during the long LHC shutdown which is foreseen around 2022.
II . THE CMS E LECTROMAGNETIC C ALORIMETER (ECAL)
The CMS Electromagnetic Calorimeter (ECAL) is a homo geneous, compact and hermetic calorimeter made of 75848 lead-tungstate (PbW04) scintillating crystals arranged in a quasi-projective geometry. The crystals are distributed in a bar rel region (EB), with pseudorapidity coverage up to hi = 1.48 and a granularity of 1:::l 1 ) x I:::l <l> = 0.0174 x 0.0174, closed by two endcaps (EE) that extend its coverage up to 11 )1 = 3. To fa cilitate photon identification, the crystals have a transverse size comparable to the Moliere radius (RM = 21 mm) in PbW04 .
The front-face cross section of the crystals is 22 x22 mm 2 in EB and 28.6x28.6 mm 2 in EE, with crystal depths of 26 and 25 radiation lengths, respectively. The scintillation light is read out with avalanche photodiodes (APDs) in EB and with vacuum phototriodes (VPTs) in EE. Preshower detectors (ES), comprising two planes of silicon sensors interleaved with lead absorber for a total of three radiation lengths, are located in front of each endcap, at l.65 < hi < 2.6, to help in 1[0/"1 separation. The acceptance region for photons in the H -+ "1"1 search is defined by the region covered by the silicon tracker (hi < 2.5) within which electron/photon separation is possible. The CMS ECAL constitutes the first nuclear interaction length of the CMS hadron calorimeter and plays a crucial role for high-precision electron and photon calorimetry in CMS . This feature played an important role in the discovery of the Higgs boson with the CMS detector [7] . A major upgrade of the interaction region will be required around 2022 (LS3 shutdown) in order to achieve a peak luminosity of .c = 1035 cm-2 s-1 and a leveled value of .c = 5 x 1034 cm-2 s-1 during the High Luminosity LHC Phase (HL-LHC) which is expected to deliver an integrated luminosity of 3000 fb -1 by 2035.
The CMS detector was designed to withstand the radiation levels expected by the end of the nominal LHC running [9] , before LS3, when 500 fb -1 of data are planned to be collected [8] . The expected ionizing radiation levels correspond to 0.2 Gy/h in EB and 6 Gy/h in EE (at hi = 2.6). The hadron f1uence after 500 fb -1 is expected to be 1.2x 1011 cm-2 for EB and 3 x 1013 cm-2 for EE (at hi = 2.6) [10] .
According to dedicated FLUKA simulations [11], [12] (which make use of the current detector geometry), during HL LHC the ionizing dose rate inside CMS have been predicted to be ",-,5 times higher (l Gy/h in EB and 30 Gy/h in EE) and the integrated particle f1uences to be ",-,6 times higher (7.6x 1012 cm-2 in EB and 2x 1014 cm-2 in EE). Detailed maps of the radiation levels in different positions inside the detector have been calculated (see Fig.l ) and show a strong dependence on hi. In addition to the higher radiation environment the detector will have to operate in very high pileup conditions. The average number of multiple interactions in the same bunch crossing (pileup) will increase from (20) during LHC running to (140) during HL-LHC running.
IV. R ADIATION DAMAGE IN PBW04 CRYSTALS
The main consequence of the high radiation environment will be the loss of transparency in the PbW04 crystals. This is due to two types of damage: the first is induced by ionizing radiation and the second by hadrons.
The ionizing damage causes the formation of colour centres that reduce the transparency of the lead tungstate, leading to a dose rate dependent light transmission loss [3] . The crystal transparency recovers in the periods without irradiation through spontaneous annealing at the ECAL operating temper ature of 18°C. In the CMS ECAL the crystal transparency is monitored during LHC running using a dedicated light injection system [13] . The cycles of loss and recovery observed during 2011-2012 LHC data taking are shown in Fig.2 . In the most forward EE regions used for electron and photon reconstruction (up to hi = 2.5), the response loss is around 25% and reaches 60% in the channels closest to the beam pipe, where the ionizing dose rate is higher.
Hadrons induce a significantly different type of damage which involves the creation of clusters of colour centres and with a number of additional features [14] - [17] . First, there is almost no recovery at room temperature, hence the damage effect is cumulative. Second, the band edge of the transmission curve is shifted by several tens of nanometers to higher values leading to an overlap with the PbW04 emission peak.
Several irradiation campaigns have been perfonned in recent years in order to study the correlation between the hadron f1uence and the loss of transparency which is usually quantified using the induced absorption coefficient:
n Ta fter (A) where Tbefore (Tafter) is the longitudinal light tranmlSSlOn value measured before (after) irradiation and L is the length of the crystal. In this paper, the value /-Lind is quoted at A = 420 nm which corresponds to the emission peak of the PbW04 . Results obtained in 20 11 and 2012 for irradiated EE crystals are shown in Fig.3 .
V. E VALUATION OF THE LONG TERM PERFORMANCE OF THE CMS ECAL
The ECAL performance is currently in good agreement with expectations and the detector is expected to maintain good per .. formance during the whole period of LHC operation. However, it is of great importance to evaluate the future performance of the current calorimeter in the HL .. LHC environment in order to assess the need for an eventual upgrade of some of its components. To achieve this goal, results of several test beam campaigns between 2009 and 2012 have been used together with simulations to obtain a detailed picture of crystal degradation and detector performance evolution.
A. Te st beam studies
Several PbW04 crystals identical to those installed in EE have been irradiated to different integrated fluences (up to 1.34xlO I4 p/cm 2 ) using 24 GeV protons provided by the CERN Proton Synchrotron (PS) facility. The /-Lind of each crystal was calculated at 420 nm by measuring the transmis .. sion of light before and after the irradiation. Irradiated crystals with similar /-Lind have been assembled into different ECAL supercrystals (i.e. 5 x 5 matrices of Pb W04 crystals as in Fig.4) and their performance investigated using beams of electrons with energies of 10 .. 150 GeV provided by the SPS facility at CERN.
The effects induced by the creation of color centers and thus a loss of light transmission have been quantified. To estimate the light output loss induced by the damage, the response of irradiated crystals to a beam of 50 Ge V electrons has been compared to that for non .. irradiated crystals. A correction to take into account small differences in the initial light yield of the crystals was applied.
In damaged crystals the pulses get narrower and have a faster rising edge. For crystals with /-Lind � 11 m-I the pulses are �50% narrower (see Fig.5 ). This effect can be understood by considering the shorter average path of scintillation light inside crystals with high induced absorption as shown in Fig.6 .
In addition, increasing non .. uniformities in the light collec .. tion efficiency along the crystal gives rise to non linearities in the crystal response. The signals from higher energy showers developing closer to the photodetector are affected differently by the induced absorption. The degradation of the energy resolution can be parameterized using the equation:
where the stochastic term A will degrade because of the light output loss, the noise term B will increase and the constant term C will increase due to the larger longitudinal non-uniformities in the light collection efficiency.
B. Simulation predictions
The results obtained from the test beams are in good agree ment with the prediction given by the Geant4 and SLitrani simulation tools [19] , [20] , The expected Mind corresponding to the dose and f1uences of the HL-LHC can be estimated and the perfomance of the detector after 500 fb-1 and 3000 fb-1 can be evaluated. The resolution of the calorimeter in the forward region will degrade during LHC running and will be dominated by a constant term at hi = 2.2 of �2% at the end of LHC and � 10% at the end of HL-LHC (see Fig.7 ). In order to maintain the same capabilities and performance for physics studies during HL-LHC, the endcap calorimeter will have to be replaced with a new radiation hard detector.
VI. P OSSIBLE DESIGN OPTIONS FOR THE CALORIMETER

UPGRADE
The options for the upgrade of the current calorimeter must be able to operate in the extremely hostile environment of HL-LHC with good performance. All the components of the upgraded detector (scintillators, wavelength shifters (WLS), electronics, light detectors ... ) need to be sufficiently radiation tolerant to withstand the ioninizing dose and hadron f1uences discussed in Section III. Furthermore, the detector should be optimized to mitigate the effect of pileup «(140) vertices per bunch crossing) on electron and photon reconstruction and resolution. To this extent, a highly granular calorimeter would improve the capability to identify objects from secondary vertices. A device with a time resolution of the order of � lO ps could possibly discriminate particles from different vertices by measuring their time of flight. R&D studies are required in order to select the appropriate technology to achieve these goals. In particular, the issue of timing is still an open challenge for all the current options for the upgrade. The possibility to use dedicated devices with very precise time resolution, i.e. taking advantage of the fast Cherenkov light signal or microchannel plates technology [21] , [22] , is being studied. ; -=-NOI5.i ; :
--Stach . sUe 1if Er (GeV ) Fig. 7 . Predictions for the energy resolution in the endcaps at 11 )1=2.2 after 500 (top) and 3000 (bottom) fb-1 of integrated luminosity, calculated using the ECAL model for crystal radiation damage. The model is constructed using crystal transparency measurements from hadron and gamma irradiated crystals, radiation doses calculated by the MARS program and the SLitrani light transport simulation program.
The upgrade of the detector has to take into account the practical limitations and constraints given by the CMS detec tor. The Hadronic Endcap calorimeter (HE) of CMS will also need to be replaced before the start of HL-LHC. Two different scenarios are currently being considered. In the first scenario, the current endcap electromagnetic and hadronic calorimeters (shown in Fig.8 ) would be replaced by more radiation tolerant devices. In the second scenario, the current calorimeters would be replaced with a new integrated EE+HE endcap calorimeter which may provide the opportunity to implement alternative concepts (such as dual readout or particle flow calorimetry) which could potentially improve the performance of jets reconstruction and pileup mitigation. In the first scenario the current EE would be replaced with a radiation hard standalone electromagnetic calorimeter. There are several R&D studies ongoing in collaborating institutes to investigate the performance of promising scintillating crystals such as LY SO [23] , [24] , YSO, LuAG [25] , [26] and Cerium Fluoride [27] . Some scintillators have already been identified as extremely radiation hard, while mass production and cost issues are elements that need further attention. A sampling calorimeter made of alternating layers of absorber (lead or tungsten) and inorganic scintillator could be more radiation tolerant. The scintillation light produced in the active material could be collected by means of light guides made of quartz capillaries and an appropriate wavelength shifter (WLS) read out using by a radiation tolerant photodetector. Such a design would minimize the average path of scintillating light in the active material and hence would be less sensitive to the loss of crystal transparency due to radiation damage. Different configurations for the light collection are being studied. A significant effort is needed to assess the radiation hardness of the inorganic crystal, the quartz capillaries, the WLS and the photodetectors involved in such a design.
B. Upgrade Scenario 2
Two possible designs for an integrated electromagnetic and hadronic calorimeter are a dual readout calorimeter and a particle flow calorimeter. The former would take advantage of simultaneously measuring both Cherenkov and scintilla tion light in order to correct for intrinsic fluctuations in the electromagnetic component of hadronic showers, consquently improving the resolution of jets and other hadronic particles [28] , The technologies that are being considered are fused silica fibers and inorganic crystal fibers [29] . In both cases, the fibers could be either doped to obtain a scintillating material or undoped to be used as a Cherenkov radiator. Several simulation studies are ongoing to optimize the calorimeter parameters and geometry.
The particle flow calorimeter, based on studies performed by the CALICE [30] collaboration, involves building a highly granular calorimeter optimized for particle flow algorithms in order to achieve good reconstruction of the hadronic showers. Such functionality may help pileup mitigation and improve jet energy resolution. Several technologies are being considered for the implementation of this kind of detector by using Gas Electron Multiplier chambers (GEMs) or silicon pads.
The realization of a calorimeter constructed using such a large number of channels requires compact and inexpensive electronics. The implementation of trigger and cooling systems requires further study.
VII. C ONCLUSIONS
The evolution of the performance of the current CMS ECAL has been studied with dedicated beam tests and simulations. It was found to be in agreement with the technical specifications applied during construction. The hostile environment in which the calorimeter will have to operate during HL-LHC will require the replacement of the ECAL endcaps where the radiation levels will be singificantly higher (�5 times) and the loss of crystal transparency due to hadron damage will strongly degrade the energy resolution. In order to maintain the required performance of the detector and exploit the full potential of LHC during the High Luminosity phase, several R&D studies have started to investigate the best upgrade options for the forward region of the CMS calorimeter.
